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Abstract

Neurotransmitters are well-studied in adults and have often been the focus of many
treatments for both physical and psychological ailments. This thesis explores the teratogenicity of
altering the activity at the serotonin 2B and 2C receptors (5-HT2B; 5-HT2C) and the cannabinoid
1 receptor (CBIR) in the serotonergic and endocannabinoid systems, respectively. This
investigation is focused on neural crest derivative structures. Chapter 1 reviews the background
information behind cardiac and cranial neural crest cells and overviews the serotonergic and

endocannabinoid systems.

In Chapter 2, using a pharmacological agent, 1-methylpsilocin (1-MP), we disrupt the
activity of 5-HT2B and 5-HT2C in the early development of chicken embryos. The results indicate
that this disruption leads to altered migration patterns in cardiac neural crest cells (¢cNCC) at
Hamburger-Hamilton stage (HH) 14. At HH32 and HH36, embryos exposed to 1-MP show defects
in cardiac neural crest derivative structures. These results suggest a novel activity of the 5-HT2B

receptor on the migration of cNCC.

In Chapter 3, we investigate the impact of altering the activity of the CB1R in early avian
development by applying a CB1R agonist. Our results reveal that overactivation of the CB1R
results in defects in cranial neural crest migration and derivative structures. A non-muscle myosin

IT ATPase inhibitor informs on the mechanism for the CB1R-induced altered migration pattern.



In Chapter 4, we discuss the broader societal impacts of these findings. I propose that these
results indicate a need for further investigation into the safety of 5-HT2B and CB1 receptor

disruption in embryonic development.



Parts of the results of this dissertation have been
submitted for publication to The Journal of Morphology /

November 2022
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Chapter 1:

Introduction
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1.1 Neural Crest Cells

Neural crest cells (NCCs), a multipotent
cell population specific to vertebrates,
originate from the dorsal-most portion of the
neural tube, migrate ventrally via the anterior-
posterior axis, and contribute to a variety of
tissues, such as the enteric nervous system, the
cartilage, and bones of the face, melanocytes,
and the peripheral nervous system (Trainor,
2005). A precise mix of bone morphogenetic
protein (BMP), Wnt, fibroblast growth factor
(FGF), retinoic acid, and Notch signals
provided by the ectoderm, the

neuroepithelium, and the underlying

mesoderm induce the neural crest (NC) in the

neural plate border region (Fig. 1.1) (Miletand ~ Figure 1.1. Induction and delamination of
neural crest cells. The neural plate border

Monsoro-Burg, 2012; Prasad et al., 2012). (pink) is located between the neuroectoderm
(purple), and non-neuroectoderm (blue). The

Collectively, these signals induce a set of neural tube is formed during neurulation by
the elevation of neural folds, the apical

transcription factors, including those produced ~ constriction of neural plate cells directly
above the notochord (orange). Neural crest

by the Snail/Slug, Foxd3, and SoxE genes, that ~ cells (pink) delaminate and migrate to
different areas of the embryo. Created with
define the NC region and regulate further NC ~ Biorender.com 2022.

growth (Cheung et al., 2005; McKeown et al., 2013; Theveneau and Mayor, 2012).
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NC migration commences with a full or partial EMT, which permits NC cells to separate
from the neuroepithelium and ectoderm (Duband, 2010; Theveneau and Mayor, 2012). At the
time of neural induction, a global switch from E-cadherin (cadherin 1) to N-cadherin (cadherin
2) expression occurs (Dady et al., 2012; Nandadasa et al., 2009). As a result, the neural plate
and all pre-migratory NC cells express high levels of N-cadherin, with residual levels of E-
cadherin primarily found in the cephalic region. This is followed by a switch from high to low
N-cadherin expression and the de novo expression of weaker cadherins of type II (6/7/11;
Cheung et al., 2005). This is regulated in trunk NC cells by Snail/Slug, Foxd3, and Sox9/10
(McKeown et al., 2013); however, in the head, additional factors such as Ets1, LSox5, and p53
are necessary (Perez-Alcala et al., 2004; Rinon et al., 2011; Théveneau et al., 2007). In
addition, migratory NC cells secrete proteases capable of cleaving cadherins, such as
ADAMI10 and ADAM13, further altering their cell-cell adhesion state (McCusker et al., 2009;
Shoval et al., 2007). These modifications, along with an alteration in integrin activity and a

local reorganization of the extracellular matrix (ECM), induce NC migration.

Regarding the extent of the NC's multipotency, there is still some disagreement despite
extensive investigation. Although experimental evidence suggests that the great majority of
NC cells are not predefined and differentiate in response to the signals they receive during
migration, certain NC cells appear to be committed to a specific lineage prior to the beginning
of migration (Krispin et al., 2010; McKinney et al., 2013). Thus, the NC population appears to
consist of cells with varying degrees of multipotency and plasticity. Many of the early genes
that are upregulated in NC cells in response to induction also regulate the EMT, which initiates

migration. Interestingly, EMT has been connected to the acquisition of stem cell properties
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(Chang et al., 2011; Mani et al., 2008; Morel et al., 2008). This presents the fascinating idea
that NC multipotency and the start of NC migration could be linked and managed

simultaneously as part of an EMT program.

The cardiac neural crest

Cardiac neural crest cells (cNCCs) are the subset of NCCs that give rise to cardiac
structures, such as the interventricular septum, the cardiac outflow tract, and the heart’s
semilunar valves (Jain et al. 2011). These cells develop in the neural folds between the otic
vesicle and the fourth somite, a region that corresponds to rhombomeres 6 to 8 of the hindbrain
in birds and mammals (Kirby 1987). Cardiac NCCs then move toward the caudal pharyngeal
arches (PAs; the 3rd, 4th, and 6th PAs). In zebrafish, the cardiac neural crest is found from the
otic vesicle to somite 6 (George et al. 2020), and in the heart, cNCCs in zebrafish give rise
only to myocardium in the heart; this differs from cNCC derivatives in mammals and birds,

detailed below.

Cardiac neural crest cells are indispensable for the normal reorganization of the bilaterally
symmetrical pharyngeal arch arteries into the asymmetric great arteries of the thorax.
Additionally, the cells support the growth of the thymus and parathyroid glands. The
rhombomere 6 subpopulation of cardiac neural crest cells in the caudal pharyngeal arches
migrates into the cardiac outflow tract, pausing as it reaches the circumpharyngeal ridge (Fig.

1.2; Kuratani and Kirby 1991). At the junction of the presumptive subaortic and sub-pulmonary
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Neural Tube

1. Induction and EMT

. L]
Circumpharyngeal = . - 2. Initial migration
Crest g to ¥

3. Pause at the circumpharyngeal ridge

Caudal Pharynx

4. Migration into the caudal pharynx and

condensation around the arch arteries
Aorticopulmonary

Septum

5. Migration into the cardiac outflow
tract and condensation

Figure 1.2. Diagram summarizing the stages of cardiac neural crest migration and
condensation. Cardiac neural crest cells (red) are induced and undergo an epithelial at the
neural tube between the otic vesicle and somite 4 (magenta). They then migrate to the
circumpharyngeal ridge, pause, then continue into the caudal pharynx and condense around
the pharyngeal arch arteries. After, the cardiac neural crest cells migrate into the cardiac
outflow tract and condenses, separating the aorta (Ao) and the pulmonary artery (P). (Adapted
from Kirby and Hutson 2010).

Abbreviations. Otic, otic vesicle; S, somite; Ao, aorta; P, pulmonary artery; EMT, epithelial-
to-mesenchymal transition.

myocardium of the outflow tract, the cardiac crest forms (1) cardiac ganglia and (2) condensed
mesenchyme (Waldo et al. 1998). This condensed mesenchyme is referred to as the
aorticopulmonary septation complex, which divides: (1) the most distal outflow into the base
of the aorta and pulmonary trunks, and (2) the middle outflow into the aortic and pulmonary
semilunar valve regions. Cardiac crest cells also migrate into the most proximal outflow tract,

where they participate in the final closure of the interventricular septum (Waldo et al. 1998).
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The mechanisms by which ¢cNCCs move through the PAs have been explained through
several models, including the "contact inhibition of locomotion" model, where two NCCs
collide and change direction (Roycroft and Mayor 2016); the "trailblazer cell" model, where
gene expression changes in leading cells prompt follower cells to move (McLennon et al.
2015); the "chemoattractant and repellent” model, where signaling molecules from
surrounding tissues guide cNCCs (Hutson et al. 2006); and the "co-attraction model," where
factors expressed by cNCCs maintain their cohesion via chemotaxis during migration
(Carmona-Fontaine et al. 2011). Various gene pathways have been identified to play roles in
these processes that drive cNCC migration, such as FoxD3 (Dottori et al. 2001), Sox0 (Britsch
et al. 2001), Dvl2 (Hamblet et al. 2002), Cdh2 (N-cadherin) (Luo et al. 2006), and

Vangll/Vangl2 (Pryor et al. 2014).

Specific abnormalities and myocardial dysfunction patterns occur in the chick ¢cNCC
ablation model, where the number of cardiac neural crest cells migrating to the aortic sac was
reduced (by at least half), leading to a number of septal defects. These defects include truncus
arteriosus, double outlet of the right ventricle, and interventricular septum defects (Kirby and
Creazzo, 1995). The abnormalities consist of a persisting truncus arteriosus and an aberrant
repatterning of the bilaterally symmetrical aortic arch arteries to the great arteries (Bockman
et al. 1987, 1989). As early as stage 14, the earliest sign of abnormal morphogenesis, the
primary alteration in myocardial function, can be seen. This occurs far before cardiac neural
crest cells contact the myocardium in an unperturbed embryo (Waldo et al., 1996, 1998). In an

embryo in which the section of neural folds that generate cardiac crest cells have been ablated,
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the initial myocardial functional anomalies include (1) reduced ejection fraction, (2) decreased
calcium current, and (3) aberrant excitation-contraction coupling (Leatherbury et al., 1991;
Creazzo, 1990; Creazzo et al., 1997). The same functional defect in the myocardium is
observed in mouse embryos with impaired neural crest migration (Conway et al. 1997). During
this phase of normal development, neural crest cells interact with endothelial cells of the aortic

arch arteries, endodermal, and ectodermal cells of the ventral pharynx (Waldo et al. 1996).

The cranial neural crest

In the developing head, another subtype of neural crest, cranial neural crest cells (CrNCCs),
originate in the midbrain and hindbrain (rhombomere (r) segments r1-r8) and migrate along
discrete pathways. Disruption of the migration of neural crest cells from the hindbrain region
begins in the chick at approximately the five- to six-somite stage (Tosney 1982), in the mouse
at the five-somite stage (Nichols 1986), in Xenopus around stage 12 (Sadaghiani and Thiebaud,
1987), and in zebrafish at 13-14 hr postfertilization (Schilling and Kimmel 1994).
Rhombomeres (r)1 and (r2) generate numerous neural crest cells, which comigrate
ventrolaterally as a collective stream with midbrain-derived neural crest cells and populate the
proximodistal extent of the first branchial arch in great numbers (bal; Lumsden et al. 1991).
In the mouse, zebrafish, and Xenopus, r3 produces fewer neural crest cells than rl and 12, and
instead of migrating laterally, some r3-derived neural crest cells migrate anteriorly to join the
12 stream (Sechrist et al. 1993; Schilling and Kimmel 1994).

The branchial arch ectoderm is morphologically continuous until it abuts the neural tube.
It is reasonable to state that r3-derived neural crest cells in chicken embryos contribute to only

the most proximal region of bal, which corresponds to the trigeminal (semilunar) ganglion of
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the V cranial nerve (Kontges and Lumsden 1996). R3-derived neural crest cells contribute to
more distal portions of the mandibular arch (bal) in mouse, zebrafish, and Xenopus
(Sadaghiani and Thiebaud, 1987; Osumi-Yamashita et al. 1994; Schilling and Kimmel 1994).
Thus, in the hindbrain of chick embryos, rl1- and r2-derived neural crest cells populate bal,
whereas, in mouse, zebrafish, and Xenopus, r3 also contributes a small number of neural crest
cells (Trainor and Tam 1995).

Cranial NCCs migrate as dense multicellular streams with distinguishable leader and
trailing cells (McLennan et al. 2015). NCC streams are arranged according to chemotaxis and
a variety of physical and molecular environmental cues (Shellard et al. 2018). Within the
stream, the trajectory of movement polarizes protrusive activity, resulting in the directed
migration of individual chick cranial NCCs (Genuth et al. 2018), whereas collectively
migrating Xenopus NCCs also achieve directed movement via contact-inhibition-locomotion
(Carmona-Fontaine et al. 2008; Theveneau et al. 2010). Cranial NCCs communicate with each
other via cell contact (Piacentino et al. 2020), and exchange information directly via thin
filopodial extensions (McKinny et al. 2011) and gap junctions (Huang et al. 1998) as they
migrate. In addition, cranial NCCs undergo macropinocytosis and absorb environmental
material, likely for the purpose of guidance (Li et al. 2020). Failure of cranial NCC migration
results in significant morphological abnormalities of craniofacial structures and improper
innervation of the face (Siismets and Hatch 2020), making this an important model system for

understanding congenital craniofacial anomalies.
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1.2 Serotonin

Serotonin (also known as 5-hydroxytryptamine or 5-HT) is involved in many different
adult physiological processes, such as the regulation of mood, cognition, circadian rhythms,
sleep-wake cycles, pain perception,
Neurotransmitter Serotonin o

appetite, the manifestation of nausea,

5-HT2B

. . t
and sexual behavior (Jenkins et al. e

Receptor and G-protein
2016). Serotonin receptors, a type of

G-protein coupled receptors (Fig. 1.3), .

Effector protein ( PhospholipaseC )

serotonin receptors subtypes varies i l l

are diverse and the number of different

between animal species. Accumulating Second messengers ( DAG) ( I~ )
in vitro evidence also suggests that r l

A J
Later effectors k'l.’r:ggnc Ca® release
l

TTGFpB1 and T Proliferation

serotonin signaling regulates

development in several animal phyla

before neurogenesis (Matthews and

Figure 1.3. 5-HT2B receptor transduction
Levin 2017). pathway upregulates TGFB81 and proliferation
factors. Figure adapted from “GPCR Effector
Pathways” by Biorender.com 2022. Retrieved from
https://app.biorender.com/biorender-templates

Serotonin plays a role in the
migration of neural crest cells in the mouse model (Moiseiwitsch and Lauder, 1995). In
chickens, rats, and mice, serotonin influences craniofacial, gastrointestinal, and cardiovascular
morphogenesis; these effects are frequently mediated by the serotonin 2B (5-HT2B) receptor
(Buznikov et al. 2001). 5-HT operates as a humoral morphogen based on the concentration of

the 5-HT, serotonin receptors, and its transporter (SERT) during development and the capacity
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of substances that affect serotonergic transmission to inhibit cranial and cardiac development

(Lauder and Zimmerman 1988).

Serotonin plays a role in the development of head mesenchyme and pharyngeal arch, the
closure of the neural tube, and the development of the eye and heart, and partially overlaps
with retinoic acid teratology (Lauder and Zimmerman 1988). The administration of ritanserin,
a highly specific 5-HT2B and 5-HT2C antagonist, to murine embryos, altered the
differentiation program of cardiac stem cells and inhibited the migration of the progenitors of
trabecular cells (Choi et al. 1997). However, the influence of receptors 5-HT2B and 5-HT2C

on cNCCs and their derivative structures was not investigated (Choi et al. 1997).
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1.3 Endocannabinoids

The endocannabinoid system (known as the phytocannabinoid system in plants) plays a
wide range of functions in plants, fungi, and animals (McPartland et al., 2006; Silver, 2019;

Giilck & Mgller, 2020). In plants, phytocannabinoid signaling is active in UV protection (Arif

et al., 2021). In vertebrates, Neurotransmitter 2-:\\85{ Q

endocannabinoid signaling has functions -

both in the embryonic period and in
Receptor and G-protein

adulthood, including gametogenesis

(Taylor et al., 2007; Oltrabella et al.,

. Adenylate
2017; Fonseca et al., 2009), neuronal Effector protein cyclgse

circuit formation (Watson et al., 2008; _

Second messengers cAMP
Berghuis et al., 2007), immune response

(Almogi-Hazan & Or, 2020), mood, Later effectors Protein
kinase A

learning and memory (Kruk-Slomka et

Md—/
+— oz |F—|z|— I—e

al., 2017). The endocannabinoid Increase protein

phosphorylation

signaling system involves the lipid
Figure 14. CBIR signal transduction

cannabinoid (CB) CB1 and CB2 Pathway increases protein phosphorylation.
Figure adapted from “GPCR Effector Pathways”

receptors, G-protein coupled by Biorendercom 2022. Retrieved from
https://app.biorender.com/biorender-
transmembrane receptors that can templates

homodimerize or heterodimerize with each other (Fig. 1.4) (Callen et al., 2012) and with other
proteins (Mackie, 2005). The CB receptors are activated extracellularly by the endogenous
ligands anandamide or N-arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol

(2AG) as well as exogenously, by delta-9-tetrahydrocannabinol (THC) and cannabidiol
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(CBD). The cannabinoid 1 receptor (CB1R) and CB2R can signal through the intracellular
calcium pathway (Fan & Yazulla, 2003) or a variety of non-calcium cascades, including by

regulating cytoskeletal actin remodeling (Roland et al., 2014).

Studies have demonstrated that cannabis or manipulation of cannabinoid signaling alters
the embryonic development of various vertebrate animal models. In the 1960s and 1970s,
cannabis injected intraperitoneally or subcutaneously into pregnant rats, guinea pigs, and
rabbits during early gestation induced teratogenic effects and congenital malformations in the
offspring (Persaud & Ellington, 1968). In more chemically specific experiments, injection of
THC or a synthetic ‘herbal spice’ cannabinoid into pregnant mice resulted in increased
frequency of cleft palate formation, and malformations in craniofacial complexes, eyes, and
brains in fetuses (Bloch et al., 1986; Gilbert et al., 2016). Exposure of gastrula-stage chicken
Gallus gallus embryos to a water-soluble THC analog resulted in defects in neural tube
morphology, head process formation, and expression of neural markers (Psychoyos et al.,
2008). In Zebrafish, waterborne exposure to CBD or THC between blastula and larval stages
induced eye, snout, and jaw defects, as well as curved axes, tails, and edema (Carty et al.,
2018). Finally, the knockdown of the main cannabinoid receptor CB1R in cleavage-stage
embryos of Xenopus laevis frogs led to smaller, less developed eyes in late tailbud-stage
embryos (Zheng et al., 2015). Taken together, these studies demonstrate an impact of cannabis
and cannabinoid signaling on neural, craniofacial, and eye morphogenesis (as well as overall
body morphology) during embryonic development of various animal models. However, no
previous studies, in any developing embryo, have addressed whether CBIR signaling

specifically regulates the migration of the cranial neural crest, which is a key embryological
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process required for normal craniofacial and eye morphogenesis. In addition, the effects of
both activating and inactivating CB1R signaling on craniofacial and eye morphogenesis were
not examined in any one type of embryo in these earlier studies. The characterization and
accessibility of neural crest migration and craniofacial morphogenesis in non-mammalian

vertebrate embryos provide an opportunity to address these questions.
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Chapter 2:

Serotonin 2B and 2C receptor disruption leads to cardiac

neural crest defects
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2.1 Introduction

Currently, many compounds treating the conditions of depression and anxiety target the
serotonin 2 family receptors. While the results of many of these treatments, such as psilocybin and
MDMA, show incredible therapeutic potential, there is a gap in research regarding the potential
teratogenic effects of these compounds. Unfortunately, foundational research needed to infer
possible outcomes and indicate the possibility of teratogenicity, specifically regarding the 5-HT
receptor activity of these compounds in embryonic development, is also absent.

To address this, we asked whether serotonin receptors 2B and 2C regulate the migration
patterns, timing, and differentiation of cardiac neural crest cells. We hypothesized that disrupting
the activity at the 5S-HT2B and 5-HT2C receptors would result in defects of cNCC migration and
derivatives. To test this hypothesis, embryos were treated with 1-Methylpsilocin (1-MP), a specific
5-HT2C agonist and 5-HT2B inverse agonist (Sard et al. 2005). The activity of each receptor was
isolated using the specific 5-HT2C antagonist, SB-242084. Effects on cardiac neural crest
migration and formation of cardiac neural crest derivatives in the heart were then evaluated at

HH30 and HH36.

2.2 Materials and methods 2.2 Materials and methods

Preparation of pharmacological reagents

A stock solution of 1-Methylpsilocin (1-MP; Tocris Bioscience), an agonist to 5S-HT2CR
and an inverse agonist to 5-HT2BR, was made in dimethyl sulfoxide (DMSO) to a concentration
of 100 mM. A 50 mM stock solution of SB-242084 (SB24; Tocris Bioscience), a highly selective
antagonist to 5-HT2CR, was also made in DMSO. The working concentrations for 1-MP and SB-

24 were 20 pM and 10 uM in Ringer’s saline, respectively.
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Obtaining and treating embryos

Fertile chicken eggs were obtained from a local farm and incubated in a 1550 Hatcher
(GQF Manufacturing) humidified incubator at 37°C for 27-28 hours, to reach stage 8 (HHS;
Hamburger and Hamilton, 1951). Working concentrations (20 uM 1-MP; 10 uM SB-24) of our
test substances were made by dissolving the stock solutions in Howard’s Ringer’s saline (Ringer’s)
containing 1:100 penicillin/streptomycin solution. Using an 18-gauge needle, 3 mL of egg white
was drawn out of the side of each egg. Next, each egg was opened by cutting a window at the
surface of the egg, using sharp stainless-steel scissors (Fine Science Instruments, Item 14060-10).
All embryonic treatments consisted of applying 50 uL of a working concentration of the
appropriate reagent onto the dorsal aspect of HH8 embryos, in ovo. The stage of the embryo was
identified by injecting blue organic food dye diluted in Ringers sub-blastodermally using a 27-
gauge 4 inch needle. The eggs were resealed with tape and re-incubated for 22 hours, 6 days, or
10 days, until the embryos reached HH14, HH32, or HH36, respectively. To determine the
potential effect of the vehicle, Ringer’s control embryos were treated at HH8 with 50 uL of

Ringer's and collected at the same stages.

HH14 embryos were collected onto Whatman paper rings and placed into 1X Phosphate

Buffered Solution (PBS). HH32 and HH36 embryos were collected by using a plastic spoon to

transfer embryos to 1X PBS wash solutions.
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Fixation and Whole Mount Immunohistochemistry

Embryos collected post-treatment at HH14 were fixed for one day at 4°C in 4%
paraformaldehyde in PBS, washed 5 times in large volumes of 1X phosphate buffered saline with
0.5% Triton X (PBST), and blocked at 4°C overnight in 1X PBST containing 10% goat serum
(blocking solution). HH14 embryos were then double-stained with the primary antibodies Pax7
(pre-migratory and migratory neural crest marker) and HNKI (migratory neural crest
marker). Both primary antibodies were obtained from the Developmental Studies Hybridoma
Bank (DSHB) and used at 1:5 dilution in blocking solution, for two days at 4°C. Subsequently, 5
washes with 1x PBST were completed before incubation in secondary antibodies (Alexa
fluorophores from Thermofisher Scientific), applied at a 1/500 concentration in blocking buffer,
for 1-2 days at 4°C. All embryos were washed extensively in 1x PBST before storage at 4°C and

imaging.

Imaging

Embryos were imaged on an upright Zeiss Axio Imager Z1 microscope accessorized with

an HPX UV light source and an AxioCamMr3_ 2 camera run by the software AxioVision

Rel.4.8.2.

Reference embryos were imaged using the integrated camera on a Leica S9i digital stereo

microscope.

Slides were imaged using an Apple iPhone 11 pro through a compound light microscope.
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Paraffin Sectioning

After fixation, HH32 embryos were washed in PBS (6 x 40-min washes and dehydrated in
an ascending ethanol series: 60%, 75%, 90%, and 100% (x2 each) for 90 min. Embryos were then
transferred to a histological clearing agent, Histosol (National Diagnostics), for 90 min with two
changes. Embryos were infiltrated in a 50% mixture of melted paraffin (Paraplast) and Histosol
for 90 min in an Equatherm vacuum oven (Curtin Matheson Scientific) before being transferred to
100% melted paraffin. Fresh paraffin was added and changed two to three times until no histosol
remained. Next, the embryos were poured into molds and the resulting blocks were trimmed using
a razor blade. A Leitz 1512 microtome was used to section the blocks at 14 um and sections were

transferred to slides with degassed Millipore water to flatten the tissue onto the slides.

Cryosectioning

Following fixation, HH36 embryos were cut below the cardiac region, and the limbs and
head were removed. The samples were then moved into 5% sucrose, 15% sucrose, and 7.5%
gelatin sequentially. Samples reached equilibration before being transferred to the next solution.
Finally, the samples were placed into molds, covered with an excess of 7.5% gelatin, and frozen

at -80°C. Once fully frozen, the embryos were sectioned at 14uM on a Microm HM550 cryostat.

Data Analysis

The data analysis program, FIJI (NIH), was used on HH14 embryos to measure the length
of the R6NCC stream (Fig. 2.1C-D, Fig. 2.2D-F; magenta arrow) and the CirNCC stream (Fig.
2.1C-D, Fig. 2.2D-F; gold arrow). The CirNCC length is then divided by the RONCC length. This

ratio is used to evaluate the cardiac neural crest migration pattern at the circumpharyngeal ridge.
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Statistical Analysis
All data was stored in Excel spreadsheets. Due to the relatively small sample sizes, the
Mann-Whitney U test was used for statistical analysis. A 95% confidence interval was used to

determine the statistical significance of the difference.

2.3 Results

Inverse agonism at SHT2B and agonism at SHT2C receptors disrupts migration patterns of
c¢NCCs

Control and experimental chick embryos were treated with ringer’s saline or 1-MP at HHS,
respectively. The embryos were then collected at HH14. By this time, cardiac neural crest
migration is in progress, with cardiac crest cells having reached the circumpharyngeal ridge and
split into two paths to navigate around the circumpharyngeal ridge. The cNCCs in the rhombomere
6 (R6) stream pause, while the cNCCs that move rostrally (circumpharyngeal neural crest cells)
(CirNCC) continue without pausing. This results in a long stream of CirNCCs relative to that of

the R6 stream (Fig. 2.1A).

Our results show an irregular migration pattern in cNCC streams. In control embryos,
patterns in HNK1 expression show that the cNCC migration has reached the circumpharyngeal
ridge (Fig. 2.1B). In control HH14 embryos, a migration pattern shows a long CirNCC stream with
a comparatively short RONCC stream (ratio mean=2.42; SE=0.33; n=8; Fig. 2.1C). In
pharmacologically treated embryos, cNCC migration shows an abnormal pattern. In the 1-MP

treated embryos, the CirNCC stream has a much similar length to that of the RONCC stream (ratio
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mean=1.323; SE=0.112; n=7; Fig. 2.1D). This difference in the ratio of the length of the CirNCC
over the length of the RENCC was found to be statistically significant (p=0.00412; Fig. 2.1E).
These migration anomalies were found to be specific to the cNCC; data analyzing cranial neural

crest migration patterns showed no statistically significant difference (data not shown).

Blocking activity at the S-HT2C receptors does not rescue the cardiac migration phenotype

Rescue experiments were conducted to determine whether 5-HT2B or 5-HT2C or both
receptors caused the migration phenotype observed in 1MP-treated embryos. Control embryos
were given Ringer’s at HH8 and were collected at HH14. To block agonist activity at 5-HT2C,
SB242084 (henceforth shortened to SB24), a highly selective 5-HT2C antagonist, was applied to
HH14 embryos 10 minutes before the application of Ringer’s saline (SB24 embryos) or 1-MP
(rescue embryos). The 10-minute wait allows the SB24 to bind and saturate the 5-HT2C receptors
and prevent competing with 1-MP. Control embryos displayed a phenotype of a short RONCC
stream compared to a longer CirNCC stream (mean ratio=2.42; SE=0.102; n=8; Fig. 2.2D). SB24
followed by Ringer’s saline showed no statistically significant difference in the ratio of the R6
stream to the CirNCC stream (mean ratio=1.78; p=0.189; SE=0.133; n=7; Fig. 2.2E). By contrast,
the rescues, exposed to both SB24 and 1-MP, showed a very similar phenotype in the ratio of
cNCC stream length that was displayed in the 1-MP treated embryos (mean ratio=1.22;
SE=0.0723; n=2; Fig. 2.2F). This difference in the ratio of the length of the CirNCC over the

length of the R6NCC is distinct from the ratio seen in the control and SB24 embryos.
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Inverse agonism at SHT2B and agonism at SHT2C receptors induces gaps in the tissue of the
aorticopulmonary septum at HH32

To determine whether early phenotypes translate to later ones, or whether a mechanism is
activated to recover from early anomalies, embryos were incubated to later stages, when heart
septation is underway. CNCC give rise to the aorticopulmonary septum, therefore the
aorticopulmonary septum was analyzed on Day 6. Ringer’s was applied to control embryos at
HHS, and the embryos were collected at HH32 (Embryonic Day 6). In 1-MP embryos, 20uM 1-
MP was applied to embryos at HH8 and were also collected at HH32. All embryos were then
embedded in paraffin and sectioned at 14pum. Sections of the heart and the surrounding region
were then examined for defects. Heart sections of control embryos collected at HH32 (Fig. 2.3A)
showed a fully intact aorticopulmonary septum (n=3; Fig. 2.3B). In embryos treated with 1-MP
at stage HHS, the aorticopulmonary septum displays gaps in the tissue (n=3; Fig. 2.3C). These
results indicate that the inverse agonism of the 5-HT2B paired with agonism of the 5-HT2C

receptor compromises the integrity of tissue of the aorticopulmonary septum.

Defects in the interventricular septum induced by inverse agonism of the 5S-HT2B and
agonism of the S-HT2C receptors remain visible at HH36

HH36 embryos were chosen for investigation due to the consistent development of the
interventricular septum characteristic at that stage. 1-MP embryos were administered 20uM 1-MP
at HHS and were collected at HH36 (Embryonic Day 10). Control embryos were given Ringer’s
saline at HH8 and were collected at HH36. The collected HH36 embryos (Fig. 2.4A) were
cryosectioned at 14 um with a cryostat after infiltration with gelatin. The resulting sections were

examined under a compound light microscope to investigate the development of the
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interventricular septum. The control embryos were found to have a fully septated heart with no
qualitative difference in gaps between the muscular and cNCC-derived (mesenchymal) septum
(n=2; Fig. 2.4B). In embryos treated with 1-MP, the interventricular septum is shown to have
significant defects. Both of the 1-MP exposed embryos showed more gaps in tissue between the
muscular and mesenchymal septum, with one resulting in a large hole (n=2; Fig. 2.4C). Together
these results suggest that inverse agonism at the 5-HT2B receptor and agonism at the 5-HT2C

receptor result in congenital defects of the mesenchymal portion of the interventricular septum.

2.4 Discussion

In this study, using the pharmacological reagents 1-MP and SB24, we showed that inverse
agonism activity at the 5-HT2B receptor results in disrupted migration of cNCC at HH14. These
results indicate that inverse agonism at the 5-HT2B receptor paired with agonism at the 5-HT2C
receptor results in significant gaps in tissue in the aorticopulmonary septum at HH32 and defects

of the interventricular septum at HH36.

The mRNA and protein expression of 5-HT2B receptors has been detected in murine
embryos in migrating NCCs, neural tube, hematopoietic tissue, and heart primordia by
immunohistochemistry and in situ hybridization (Choi et al. 1997). Knockouts performed on the
5-HT?2B receptor were observed to perturb myocardial precursor cells and cranial neural crest cells
(Choi et al. 1997). A connection could not be drawn between the results found in heart
development with altered 5-HT2B activity and cardiac neural crest derivative structures. The

results of our study bridge this gap.
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The 5-HT2C receptor is also detected in the tissue cNCC derivative structures of murine
embryos (Lauder et al. 2000). 5-HT2C knockout mice showed a number of behavioral defects,
such as a significant increase in feeding, sleeping, and compulsive behavior (Chou-Greene et al.
2003; Frank et al. 2020). No significant defects in morphology were noted, despite the behavioral
abnormalities, suggesting that there may not be a strong link between the 5-HT2C receptor and

cardiac development (Frank et al. 2020).

CNCC migration patterns at HH14

As our results show at HH14, disruption of the 5-HT2B receptor as induced by 1-MP alters
typical migration patterns of cNCCs (Fig. 2.1A, D). At HH14, the RONCC should have reached
the circumpharyngeal ridge, but not continued very far beyond it. This is due to a pause in CirNCC
migration while the caudal pharyngeal arches form (Kuratani and Kirby 1992; Kirby and Hutson
2010). While it is known that EphB3/4 are the factors that act as the guidance molecule receptor,
it is not currently understood how this pause occurs. It is possible that cardiac crest in embryos
with altered 5-HT2B activity fails to pause or does not pause for the same length of time, resulting

in the disrupted migration pattern observed (Kuratani and Kirby 1991).

Aorticopulmonary septum defects at HH32

In embryos with inverse agonism at the 5-HT2B receptor, HH32 embryos displayed gaps
in the tissue of the aorticopulmonary septum (Fig. 2.3 C). This phenotype is consistent with two
possible causes: cardiac fibrosis or apoptosis of cNCCs. Cardiac fibrosis is the build-up of excess
extracellular matrix (ECM) components, resulting in fibrous deposits that damage surrounding

tissues (Disertori et al. 2017). In embryo sections, this damage manifests as gaps in the tissue.
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TGEFRBI, a factor that is upregulated downstream of signaling at the 5-HT2B receptor, results in
increased fibroblast differentiation (Disertori et al. 2017). Overactivated TGFBI1 signaling led to
cardiac fibrosis. While it seems that inverse agonism of the 5-HT2B receptor would induce the
opposite, this can only be confirmed by evaluating the ECM of the tissue with altered 5-HT2B
intrinsic activity. Future experiments will likely require the use of scanning electron microscopy
to confirm this hypothesis, as there is no reliable, universally accepted method for evaluating the

components that indicate cardiac fibrosis (de Jong et al. 2012).

An alternative explanation for the gaps in the tissue of the aorticopulmonary septum seen
in the 1-MP exposed embryos could be the apoptosis of ctNCCs. Apoptosis of cNCCs could be
caused by a number of different events but altered timing of migration has been associated with
neural crest apoptosis (Choi et al. 1997). Furthermore, the 5-HT2B receptor modulates Bax, a
regulator of nuclear apoptosis in murine cardiac tissue (Nebigil and Maroteaux 2003). Future
experiments may use in situ hybridization chain reaction with probes against Caspase-3/9, an
apoptosis marker, to confirm this hypothesis. Cardiac fibrosis can be initiated via apoptosis;
cardiac fibrosis can also be a result of apoptosis (Piek et al. 2016). It is currently unknown if

perturbing the activity of the 5-HT2B receptor initiates cardiac fibrosis and/or apoptosis.

Interventricular septum defects at HH36

The interventricular septum defect observed in HH36 embryos with disrupted 5-HT2B
activity (Fig. 2.4 C) is consistent with interventricular septum defects seen in ctNCC ablation
experiments (Kirby et al 1985). In the murine model, when antagonists were applied targeting the

5-HT2B receptor, cranial neural crest cells showed disrupted migration and induced apoptosis,
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similarly to our results with cNCCs migration of avian embryos. These preliminary results are

contingent on an increase of the sample size.

In the future, downregulating 5-HT2B in avian models could provide useful insight into
the results shown in this study. In similar studies, modified genetic models and cell labeling has
yielded crucial insight into how complex signaling pathways regulate NC function and contribute
to cardiac development (Wang et al. 2016). Even though progress has been made in understanding
the regulatory networks of NC-derived cardiovascular formation (Erhardt et al. 2021), the
developmental processes of NCCs are extraordinarily complex. Further research is required to
determine the effect of known contributors at various developmental stages on NC specification,
migration, and differentiation, as well as how genetic deficiencies in these pathways lead to

congenital heart diseases.
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2.6 Figures
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Figure 2.1. 1-MP disrupts the migration patterns of cardiac neural crest in HH14 embryos.
(A) An HH14 control embryo stained with HNK1, a marker of migrating neural crest cells,
including cardiac neural crest cells (red box). (B) An HH14 embryo exposed to 20 uM 1-MP
shows HNK 1+ cardiac neural crest cells (red box). (C) A close-up image of the control embryo in
(A), showing the length of the cardiac neural crest stream at rhombomere 6 (R6NCC) (magenta
arrow) as well as the length of the circumpharyngeal neural crest (CirNCC; gold arrow). (D) A
close-up image of the cardiac neural crest stream in an HH14 embryo exposed to 20 uM 1-MP.
The RONCC length (magenta arrow) and the CirNCC length (gold arrow) are similar lengths. (E)
The difference in the ratio of RONCC length to CirNCC length between control and 20uM 1-MP
treated embryos is statistically significant (p=0.00412).

Abbreviations. 1-MP, 1-methylpsilocin; CirNCC, circumpharyngeal neural crest cells; RONCC,
Rhombomere 6 neural crest cells.

** = p<0.01 with a two-tailed Mann-Whitney u-test

36



Figure 2.2. Isolating the activity of S-HT2B does not change the migration defect induced by
1-MP. (A) Migration patterns of cardiac neural crest cells (red box) in a representative HH14
control embryo. (B) An HH14 embryo exposed to 10 uM SB24, with the cardiac neural crest
stream shown (red box). (C) The red box delineates cardiac neural crest migrating in a
representative HH14 embryo exposed to 10 uM SB24 and to 20 uM 1-MP, after an interval of
10min. (D) A close-up image of the cardiac neural crest in an HH14 control embryo with the
rhombomere 6 stream (R6NCC) length (magenta arrow) and circumpharyngeal neural crest stream
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(CirNCC) length (gold arrow) (mean ratio=2.42; n=8). (E) The magenta arrow depicts the length
of the RONCC stream while the gold arrow denotes the CirNCC length in an HH14 embryo
exposed to 20 uM SB24 (mean ratio=1.78; n=7). (F) An HH14 embryo exposed to 10uM SB24
and 20uM 1-MP with the length measurements for the RENCC (magenta arrow) and the CirNCC
(gold arrow) shown (mean ratio=1.22; n=2)

Abbreviations. 1-MP, 1-methylpsilocin; CirNCC, circumpharyngeal neural crest cells; RONCC,
Rhombomere 6 neural crest cells; SB24, SB-242084.
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Figure 2.3. 1-MP induces tissue gaps in the aorticopulmonary septum at HH32. (A) An HH32
chick embryo with the orientation of sections (magenta line) for panels B and C. (B) Coronal
section through the heart of an HH32 control embryo showing the intact aorticopulmonary septum
(red box) between the aorta (ao) and the pulmonary artery (p). (C) The aorticopulmonary septum
(red box) displays gaps in the tissue (red arrowheads) in a representative HH32 embryo exposed
to 1-MP.

Abbreviations. 1-MP, 1-methylpsilocin; ao, aorta; p, pulmonary artery.

Scale bar Imm for A
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Figure 2.4. 1-MP exposure defects in the interventricular septum at HH36. (A) A
representative HH36 chick embryo. Embryos of this stage were sagitally sectioned. Heart sections
with this section orientation are shown in panels B and C. (B) A sagittal cryosection of an HH36
control embryo showing the intact interventricular septum (red box). (C) A sagittal cryosection of
an HH36 embryo exposed to 1-MP showing an incomplete interventricular septum (red box).
Abbreviations. 1-MP, 1-methylpsilocin.
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Chapter 3:

Cannabinoid Receptor Type 1 regulates migration and
morphogenesis of cranial neural crest
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3.1 INTRODUCTION

In this study, we examined mechanisms for the main cannabinoid receptor, CB1R, in neural
crest cell migration and craniofacial and eye morphogenesis in chicken embryos. Previous studies
show that the time of onset of expression of CBI1R is early (during early neurulation) in chicken
embryos (Zheng et al., 2015; Psychoyos et al., 2012; Cottone et al., 2003). Using pharmacological
manipulation of CB1R, we show that normal levels of CB1R activity are required for neural crest
cell migration and trigeminal ganglion formation in chicken embryos, and craniofacial and eye
morphogenesis in frog embryos. Moreover, CBIR mechanisms in these processes are shared by
the actin cytoskeleton regulator Myosin II, suggesting that CB1R may signal through an actin
regulatory pathway to modulate neural crest migration and craniofacial morphogenesis. Overall,
these results imply that all aspects of neural crest development, from emigration to differentiation,
are sensitive to manipulation of the endocannabinoid signaling system, in these two organisms that

regulate the endocannabinoid system with different timing.

3.2 MATERIALS AND METHODS

Preparation of Pharmacological Reagents

Arachidonyl-2'-chloroethylamide (ACEA), a synthetic agonist of the cannabinoid 1
receptor (CB1R), was obtained from Tocris and speed vacuumed to remove the ethanol solvent.
The ethanol was substituted with dimethyl sulfoxide (DMSO) to prepare a 10 mM stock solution.

Stock solutions of AM251, a CBIR antagonist (Tocris) and Blebbistatin (Sigma), an inhibitor of
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Myosin II ATPase activity, were made by dissolving the reagents in DMSO to a 10 mM

concentration.

Obtaining and Treating Embryos

Fertile chicken eggs were obtained from a local farm and incubated at 37°C for 27-28
hours, to reach stage 8 (HHS; Hamburger & Hamilton, 1951). Working concentrations (10 uM) of
our reagents were made by dissolving the stock solutions in Howard’s Ringer’s saline (Ringer’s)
containing 1:100 penicillin/streptomycin solution. Using a gauge 18 needle, 3 mL of egg white
were drawn out of each egg, from the side, and each egg was opened by cutting a window at the
surface of the egg, using sharp stainless-steel scissors (Fine Science Instruments, item 14060-10).
All embryonic treatments consisted of applying 50 uL of a 10 uM solution of the appropriate
reagent onto the dorsal aspect of HH8 embryos, in ovo. The eggs were resealed with tape and re-
incubated until the embryos reached HH13 or HH18. To determine the potential effect of the
vehicle, Ringer’s control embryos were treated at HH8 with 50 uL of Ringer's and collected at
HH13. Additional HH13 control embryos were collected without Ringer’s pre-treatment. Since
the Ringer’s control did not result in a different phenotype than the untreated embryos, data from
Ringer’s controls and untreated controls were pooled. Treatment with ACEA or Blebbistatin
essentially did not affect the survival of chick embryos to HH13/14 (75% and 91% survival,
respectively) compared to the control embryos, both with (83% survival) and without (58%
survival) Ringer’s treatment. The same was true for embryo survival to HH18 when treated with

ACEA (61%) and AM251 (60%), compared to controls (59%).
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Fixation and Antibody Staining

Embryos collected post-treatment at HH13 were fixed for one day at 4°C, washed 5 times
in large volumes of 1x phosphate buffered saline (PBS) and blocked at 4°C overnight in 1X PBS
containing 0.5% tween, 1% bovine serum albumin, and 10% donkey serum. HH13 embryos were
then double-stained with the primary antibodies Pax7 (pre-migratory and migratory neural crest
marker) and HNK1 (migratory neural crest marker). Both primary antibodies were obtained from
the Developmental Studies Hybridoma Bank (DSHB) and used at 1:5 dilution in block, for two
days at 4°C. Subsequently, 5 washes with 1x PBS were completed before incubation in secondary
antibodies (Alexa fluorophores from Thermofisher Scientific), applied at a 1/500 concentration in
block, for 1-2 days at 4°C. All embryos were washed extensively in 1x PBS before storage at 4°C
and imaging.

Immunohistochemistry with HH18 embryos followed the procedure detailed above with
the difference that the primary antibody used to detect gangliogenesis was TUJ1 (marker of

neuronal cell body and axon; Covance) dissolved 1:300 in block.

Imaging

A Zeiss Stemi 305 microscope was used to examine and mount HH13 and HH14 embryos
on slides, such that the brain vesicles of each embryo could be seen. HH18 embryos were plated
on their right and left sides to image both trigeminal ganglia. An upright, Zeiss Axio Imager Z1
microscope accessorized with a HPX UV light source and an AxioCamMr3 2 camera, was used

to image each embryo using the software AxioVision Rel.4.8.2.
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Data Analysis

Chicken Embryos Stage 13/14

The FIJI software (NIH) was used to trace the border of the midbrain and the midbrain
neural crest cells (HNK 1-positive) of HH13 embryos. From these perimeters, the respective areas
were computed. The ratio of midbrain neural crest cell area (Fig. 3.1A, orange dashes) to midbrain
area (Fig 3.1A; green tracing) was calculated in control and ACEA-treated embryos. In HH14
embryos, the width of the embryonic head and the width of the field of migratory neural crest cells
(characterized by HNK1 expression) were measured with FIJI software. The extent of the
migrating neural crest cells was assessed using the following method: (a) a vertical line was drawn
starting from the forming mandible using the posterior eye as a reference point (Fig. 3.1B, orange
arrow); (b) for consistency, the shortest line was drawn from that point on the mandible to the top
of the HNK1 field (Fig. 3.1B, green arrow); (c) the same angle and reference point was used to
extend a line from the mandible to the top of the head (Fig. 3.1B, sum of pink arrow and green
arrow). The value from (b) was then divided by the value from (c) for control, ACEA- and
Blebbistatin-treated embryos. These ratios were used to evaluate the proportion of head space

occupied by migratory neural crest cells.

Chicken Embryos Stage 18

For morphometric analysis of the trigeminal ganglia at HH18, the area, perimeter, and
circularity (shape) of each trigeminal ganglion in control, ACEA- and AM251-treated embryos
were measured. The area, perimeter, circularity, and length of the ganglion’s maxillomandibular
and ophthalmic lobes, with their associated nerves, were also measured (Fig. 3.2A). All

measurements were taken separately on the right and left sides of each embryo.
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Statistical Analysis

All data was stored in Excel spreadsheets. Due to the relatively small sample sizes, the
Mann-Whitney U test was used for statistical analysis. A 95% confidence interval was used to

determine the statistical significance of the difference.

3.3 RESULTS

Over-activating CB1R reduces dispersion of cranial neural crest cells in midbrain of chicken

embryos

To determine whether CBIR plays a role in the migratory behaviors of neural crest
cells, chicken embryos were treated with arachidonyl-2'-chloroethylamide (ACEA), a CB1R
agonist, at HH8. At this stage, neural crest cells have not started migrating and are still found
at the dorsal aspect of the neural tube (Kulesa & Fraser, 1998; Kulesa et al., 2010). As cranial
neural crest cells migrate, they disperse over the midbrain. Control embryos were either
exposed to Ringer’s (vehicle) or left untreated. Because both Ringer’s and untreated groups
gave similar results, these embryos were pooled and will be referred to as “controls” from this
point. To observe neural crest migration after treatment, embryos were re-incubated until
HH13, when cranial neural crest migration is in progress. Neural crest migration was assessed
by normalizing HNK1-positive domain (neural crest domain) area to total midbrain area at
HH13 (Fig. 3.1A).

Cranial neural crest cells in pharmacologically treated embryos dispersed differently in
the midbrain than they did in control embryos. In ACEA-treated embryos (n = 11), dramatically

fewer HNK 1-positive cells were seen migrating atop the midbrain, compared to the number of
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cells found in control embryos (n = 12; Fig. 3.1B, C). Furthermore, the neural crest cells present
in ACEA-treated embryos were collected in one area of the midbrain (yellow outline); this
smaller distribution was reflected in a relatively small ratio of midbrain neural crest cell area
(yellow tracing) to total midbrain area (green tracing; average ratio 0.38; SE =0.032; p <0.05;
Fig. 3.1D). By contrast, midbrain neural crest in controls occupied almost the entirety of the
midbrain area (yellow outline; average ratio 0.79; SE = 0.10). In brief, overactivation of
signaling through CBIR inhibited cranial neural crest cells from spreading across the midbrain,

as in control embryos.

CBIR agonism and perturbation of Mvosin II oppositely modulate cranial neural crest

migration in chicken embryos

The abnormal distribution of neural crest cells at the midbrain in HH13 chicken embryos
treated with the CB1R agonist prompted us to investigate the impact of this disturbance on longer
range neural crest migration. As neural crest cells migrate, they remodel their actin cytoskeleton
by altering Myosin II activity (Berndt et al., 2008). Accordingly, we also performed experiments
in which we treated HH8 embryos with Blebbistatin, a non-muscle Myosin II ATPase inhibitor
that interferes with actin-dependent motility (Straight et al., 2003). Embryos were treated at pre-
migratory neural crest stage 8 and collected at HH14, when embryo turning offers a profile view
of the head with neural crest cells having reached and accumulated at the edges of the forming
jaw. We obtained a normalized migratory crest distance by calculating the ratio of width of HNK1
expression domain (Fig. 3.2A, green arrow; Fig. 3.2 B-D, yellow arrows) to total head width
(Fig. Fig. 3.2A, sum of green plus pink arrows; Fig. 3.2 B-D, green arrows), from a point on the

jaw caudal to the eye (Fig. 3.2A, orange arrow).
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Both overactivation of CB1R with ACEA and inhibition of actomyosin interactions with
Blebbistatin disturbed cranial neural crest migration patterns in HH14 embryos. In controls, the
accumulation of the migratory neural crest cells at a greater distance from the midbrain resulted
in a width of the HNK1 expression domain (Fig. 3.2B, yellow arrow) with an average ratio 0.49
(SE = 0.014; n = 8; Fig. 3.2E). By contrast, in embryos exposed to ACEA (n = 8), the HNK1
domain occupied a significantly smaller portion of the head (average ratio 0.44; SE = 0.029; p <
0.05; Fig. 3.2C, yellow arrow; Fig. 3.2E). Also reaching statistical significance, the larger width
of the HNKI1 field in embryos exposed to Blebbistatin (0.61; SE: 0.026; p < 0.0001; n = 17)
showed that cranial neural crest migration was decreased compared to controls (Fig. 3.2D, yellow
arrow; Fig. 3.2E).

These results support the notion that both overactivation of CB1R and inhibition of non-

muscle myosin II perturb migratory behaviors in cranial neural crest cells.

Over-activation and inactivation of CB1R disrupts triceminal ganglion development in

chicken embryos

Neural crest cells are precursors of the peripheral nervous system; as such, they contribute
to all cranial nerves (Le Douarin & Smith, 1988). Since migration of the cranial neural crest was
dysregulated following over-activation of CBIR, we asked whether the derivatives of those
neural crest cells might also be affected. The largest sensory cranial nerve - the trigeminal
ganglion (Fig. 3.2A) - was examined at HH18 in chick embryos. Furthermore, to determine the
potential effect of imbalance in CBIR signaling, in addition to over-activating CBIR in a test
group with the agonist ACEA, we inhibited signaling through that receptor by applying the

antagonist AM251.
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Initial inspection and analysis showed that ACEA treatment decreased, whereas AM251
application increased, the proportion of the trigeminal ganglia displaying ophthalmic and
maxillomandibular nerves (Fig. 3.2A). 40% of ACEA-treated embryos (n = 20 ganglia in 10
embryos) and 94% of AM251-treated embryos (n = 18 ganglia in 9 embryos) displayed an
ophthalmic nerve, compared to 80% of controls (n = 30 ganglia in 15 embryos; Fig. 3.2C, D).
Similarly, whereas 60% of maxillomandibular lobes in control embryos showed the beginning
of axon formation, 40% (n = 20 ganglia) and 83% (n = 18 ganglia) of maxillomandibular lobes

displayed nerve formation in ACEA and AM251-treated embryos, respectively.

Morphometric analysis expanded our understanding of these phenotypic differences
between experimental and control trigeminal ganglia and showed that they stemmed from
morphological changes occurring specifically on the right side of the embryo. The mean length,
perimeter, and area of the right-side ophthalmic lobe and its nerve were significantly smaller,
and the mean circularity was significantly larger (indicating a rounder shape), in ACEA-exposed
embryos than the same measurements from right ophthalmic lobes and nerves in controls (Fig.
3.2F-1, Table 1). In AM251-treated embryos, the right-side ophthalmic lobe and its nerve were
significantly longer and its circularity significantly smaller (denoting a less round shape) than
control ophthalmic lobes with nerves; however, the area and perimeter of the AM251 right-side
ophthalmic lobe with nerve were similar to controls (Fig. 3.2F, Table 1). Similarly, the length
of the right-side maxillomandibular lobe with nerve was significantly shorter in the ACEA group
than in the control group (Fig. 3.2F, Table 1). However, in AM251-exposed embryos, all right-
side maxillomandibular parameters (area, length, perimeter, circularity) were similar to controls

(Fig. 3.2F-1, Table 1).
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As these measurements included both the lobes and the nerves of the trigeminal ganglia,
the phenotypes could be due to differences between lobes rather than nerves. To confirm that
these phenotypes were due to changes in the ophthalmic and maxillomandibular nerve projection
and not in lobes, we also measured parameters for the lobes of the ganglia specifically, without
their nerves. This analysis showed that in ACEA- and AM251-treated embryos, the length,
perimeter, area, and circularity of the lobes were statistically similar to controls (p < 0.05 for all
measurements).

In brief, our data suggest that over-activation and inactivation of signaling through CB1R

oppositely modulate ophthalmic and maxillomandibular nerve formation in the trigeminal
ganglion. In addition, a discrepancy was observed between the right and left sides, as all left-side

trigeminal parameters were comparable to controls, with both pharmacological treatments.

3.4 DISCUSSION

Using pharmacological reagents, we show that normal signaling activity of the main
cannabinoid receptor, CBIR, is required for neural crest migration and trigeminal ganglion
formation in chicken embryos. The effects of disrupting CB1R signaling on neural crest migration
were mimicked by the inhibition of non-muscle Myosin II. These findings suggest that
cannabinoid signaling is required for sequential stages in neural crest migration and
morphogenesis in chicken embryos. Our results also imply that CB1R signals through Myosin II
to regulate neural crest migration. Experiments not detailed here and carried out in frog embryos
by our collaborators at Touro University showed that cranial neural crest derivatives are similarly

impacted by the disruption of cannabinoid receptor, CB1R, or non-muscle myosin II.
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Cannabinoid Receptor Type 1 impacts neural crest migration and trigeminal ganglion
formation in chicken embryos

Results presented here suggest that CBIR signaling is required for normal migration of
cranial neural crest cells in chicken embryos. Following application of a CB1R pharmacological
activator, ACEA, cranial neural crest cells in the midbrain of chick embryos migrated erratically,
in smaller numbers and in clumps. In contrast, in controls, large numbers of neural crest cells
migrated individually across the full area of the midbrain. The clumped, restricted distribution of
neural crest cells with overactivated cannabinoid signaling suggests that CBIR may normally
regulate cell-to-cell adhesion between neural crest cells, and thereby crest migration. This is the
first study to demonstrate that cannabinoid signaling is required for migration of neural crest cells
in any type of embryo in vivo. Accordingly, this defines a novel function for CB1R in a significant
cellular process during an intermediate developmental stage of embryogenesis. Although no
previous studies have shown that cannabinoid signaling is required for neural crest migration,
reports demonstrated that cannabinoid signaling regulates migration of cells during earlier
embryonic developmental stages. Tight regulation of cannabinoid signaling was required for spiral
artery trophoblast giant cells to appropriately invade the maternal mesometrial pole during
placentation (Xie et al. 2012). CB1R has also been shown to modulate cell motility and
morphology in pathological contexts. In cultured glioblastoma cells, cannabinoids caused an
abnormal distribution of actin cytoskeletal elements and, as a result, an abnormal cell shape
(Hohmann et al. 2019). Overactivation of the endocannabinoid signaling also suppressed the

migration of metastatic breast cancer cells (Qamri et al. 2009).
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The formation of the trigeminal ganglion and nerve requires epithelial-to-mesenchymal
transition, migration, condensation, neuronal differentiation, and mixing and adhesion of both
trigeminal placode cells and cranial neural crest cells (Shiau et al. 2008). Those processes, and
their underlying molecular regulations (Wu & Taneyhill 2019; Gammill et al. 2006; McCabe et al.
2009; Simon et al. 2017), seem to be relatively undisturbed in ACEA- and AM251-treated
embryos, since the trigeminal ganglia do form (Fig. 3.2) and their lobes show normal
morphometric parameters (perimeter, area, length and circularity). Moreover, expression of the
neuronal marker Tujl by the trigeminal ganglia suggests that differentiation is not impacted by
disruption of the cannabinoid pathway. These results support the notion that the endocannabinoid
system does not play a role in gangliogenesis.

However, overactivation of CB1R with ACEA prevented, or at least delayed, nerve
projection in the majority of ophthalmic lobes of the trigeminal ganglia in chick embryos, as
evidenced by a shorter ophthalmic lobe with nerve. This result is reminiscent of the aberrant nerve
projection from the optic nerve in frog embryos treated with ACEA (Elul et al. 2022) or disoriented
axonal processes from cortical neurons in the mouse and the Rhesus monkey (Morozov et al.
2020). AM251 treatment caused the trigeminal nerve to form more posteriorly than expected,
closer to the otic pit. This hints at a caudal displacement of the trigeminal placode, a key player in
trigeminal morphogenesis (Shiau et al. 2008). As a result of this caudal slippage, the ophthalmic
nerve projected to the eye at a more acute angle, accounting for the smaller circularity value. It is
noteworthy that the ophthalmic nerve did reach the eye region by HH18, suggesting that axonal
extension may have occurred at an increased rate in AM251, to bridge the larger distance to the
eye in the same amount of time as controls. Furthermore, AM251 ophthalmic nerve was often

overly defasciculated, showing mistargeted axons (Fig. 3.2E). Supporting our in vivo results,
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another group showed that explanted trigeminal ganglia exposed to AM251 had mistargeted axons
that turned back to innervate the midbrain (Watson et al. 2008). Lastly, the maxillomandibular
lobe and nerve in trigeminal ganglia was generally less affected than its ophthalmic counterpart,
likely because nerve formation has not progressed very far by HH18.

Interestingly, there seems to be a right-left discrepancy in our results, with the ophthalmic
or maxillomandibular lobes on the right side of the embryo being affected, while near-normal
development occurs on the left side, with both pharmacological treatments. Although we are
unclear about the possible left-right mechanism, we note that CB1R expression displays a left-
right asymmetric expression in gastrulating chick embryos in the node (Psychoyos et al. 2012) by
HHS, and this may underpin the later differences in right versus left ganglionic nerve

morphogenesis.

CBI1R impacts later cranial crest derivatives: submitted data using frog embryos.

Later derivatives of the cranial neural crest include craniofacial bones, in addition to cranial
nerves. The frog model system offers fast access to high numbers of embryos that develop quickly
to later stages. Therefore, we collaborated with the Elul lab, to study late craniofacial effects of
manipulating CBIR signaling. The later onset of CB1R expression in frog, as compared to chick
(Elul et al. 2022) further solidified our lens on late morphogenesis.

The Elul lab demonstrated that signaling of cannabinoid type 1 receptor, CBIR, influences
and is required for normal craniofacial and eye morphogenesis in tailbud stage embryos of
Xenopus laevis frogs. Both pharmacological activation and inactivation of CB1R signaling led to
smaller, misshapen, and less developed craniofacial complexes and eye regions in frog embryos.

These findings confirm and extend the results of earlier studies that examined the impacts of
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cannabis and manipulation of cannabinoid signaling on development of craniofacial and eye
regions in embryos of other species. In very early studies, cannabis injection into pregnant rabbits,
rats, and guinea pigs, resulted in altered craniofacial and eye regions of the developing fetuses
(Persaud & Ellington, 1968). In later studies, ingestion of THC or a synthetic ‘herbal spice’
cannabinoid by pregnant mice induced craniofacial and eye defects in mouse fetuses, such as
micrognathia (small jaws) and facial clefts, as well as microphthalmia (smaller eyes), iridial
coloboma and anopthalmia (lack of eyes; Bloch et al., 1986; Gilbert et al., 2016). In addition, in
zebrafish, waterborne exposure of animals to CBD and THC led to eye and snout defects (Carty
et al., 2018). Finally, knockdown of the CB1R receptor in Xenopus laevis cleavage stage embryos
resulted in reduced eyes at late tailbud stages (Zheng et al., 2015). Extending from these studies,
our results are the first to show that both activation and inactivation of the cannabinoid receptor,
CBIR, induce similar craniofacial and eye defects in one type of embryo. This suggests that tight
homeostatic regulation of CBI1R is required for normal craniofacial and eye morphogenesis in

developing frog embryos.

Myosin II exerts shared mechanisms with CBIR in regulation of cranial neural crest
migration and craniofacial and eye morphogenesis

Blebbistatin, a non-muscle Myosin II inhibitor, was used to treat chick embryos, while our
collaborators similarly treated frog tadpoles. The application of Blebbistatin, a non-muscle Myosin
II inhibitor, impacted cranial neural crest cell migration in an opposite manner to ACEA, the CBIR
agonist. By HH14, in embryos exposed to ACEA or Blebbistatin, cranial neural crest cells had
migrated significantly less far than their counterparts in control embryos. In addition, craniofacial

and eye morphogenesis were similarly impacted by Blebbistatin as by both the CB1R activator
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ACEA and inactivator AM251. Treatment with Blebbistatin resulted in smaller and misshapen
craniofacial regions and reduced eye regions as did ACEA and AM251. Together, these results
suggest that signaling of cannabinoids through CB1R may regulate activity of non-muscle Myosin
IT to modulate neural crest migration from the neural tube in chicken embryos and migratory or
morphogenetic processes of neural crest derivatives that are required for craniofacial and eye
morphogenesis in frog embryos. Other researchers have shown that CBIR, a G-protein coupled
receptor, signals through ROCK and Rho to regulate Myosin II activity in growth cone motility of
a developing neuronal circuit (Roland et al., 2014). A similar molecular mechanism may be
involved in CBI1R regulation of Myosin II to promote neural crest and derivative migration and

morphogenesis in chicken and frog embryos.

3.5 CONCLUSIONS

We show that in chicken embryos, sequential steps of neural crest cell migration and
differentiation are perturbed by alterations in cannabinoid signaling. The time of onset of
expression of CBIR is significantly earlier in chick (Gallus gallus, during neurulation) than in frog
embryos (Xenopus laevis, at early tailbud stage). Accordingly, our results suggest that CB1R
impacts the migration and morphogenesis of neural crest cells and neural crest derivatives through
all developmental stages, in different classes of animals. This data advances our understanding of
the functions of cannabinoid signaling on neural crest migration and differentiation of neural crest-

derived structures during embryonic development.
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3.6 Figures
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Figure 3.1. CB1R overactivation and myosin II inhibition perturb cranial neural crest cell
migration in chick embryos. (A) HH13: Method for assessing the distribution (orange dashes)
of cranial neural crest cells (speckles) in the midbrain (green outline). (B) HH14: Method for
quantifying the extent the migration (yellow arrow) of cranial neural crest cells (speckles),
caudal to the eye (pink arrow) and as a proportion of the width of the head (combined length of
green and yellow arrows). (C) HH13 control embryo with a large area of HNK1 expression
(yellow circle) relative to the midbrain area (green circle). (D) An HH13 embryo exposed to
ACEA shows a small HNK1 domain (yellow tracing) relative to the midbrain (green circle). (E)
In Blebbistatin-treated embryos, cranial neural crest cells (HNK1 expression) occupy a small
area (yellow circle) in the midbrain (green circle) at HH13. (F) HH14 control embryo shows a
standard width of HNK 1 expression (yellow arrow) relative to the head width (green arrow). (G)
Neural crest cells in embryos treated with ACEA extend over a smaller width at HH14 (HNK1
expression; yellow arrow). (H) HH14 embryo exposed to Blebbistatin, with a wide HNK 1
domain (yellow arrow) in proportion to the head (green arrow). (I) ACEA significantly impacts
the distribution of neural crest cells in the midbrain. (J) ACEA and myosin II inhibition affect
the ratio of the width of HNK 1 domain to width of head.
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*p <0.05; *** p <0.001. Scale bar 0.3 mm for C-H.

Table 3.1. Statistically significant measurements of the right ophthalmic and

maxillomandibular lobes with respective nerves.

Lobe and Treatment Length Perimeter Area Circularity
nerve (number of SE (um) SE (um) SE (um?) SE
lobes with
nerve,
number of
embryos)
Control 760 1,834 71,382 0.3
Right (15,15) 60.0 140.7 4,949.0 0.041
ophthalmic | ACEA 500 * 1,155 * 45,209 * 0.5 *
lobe and (10, 10) 84.3 170.6 6,275.7 0.070
nerve AM251 1,024 * - - 0.2 %*
9,9 76.6 0.019
Right Control 492 - - -
maxillo- (15, 15) 32.0
mandibular | ACEA 383 * - - -
lobe and (10, 10) 29.0
nerve AM?251 - - - -
9.9
*p<0.05

Data not shown was not statistically different from controls.
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Figure 3.2. Trigeminal ganglion phenotypes vary with treatments in HH18 Embryos. (A)
Method for measuring parameters. Green color = area. Blue line = length. Red dots = perimeter.
(B) Tracings of right trigeminal nerves reveal phenotypic differences resulting from different
treatment conditions. Control ganglia consistently extend the ophthalmic nerve. ACEA-treated
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trigeminal ganglia are smaller than control ganglia and regularly lack the ophthalmic nerve.
AM251-treated ganglia are positioned more posteriorly, often show defasciculation of the
ophthalmic nerve and a high angle between the ophthalmic nerve and the eye. (C) Control embryo
with ophthalmic nerve (arrow) to eye. Asterisk denotes the otic vesicle. (D) ACEA-treated
embryos lacking ophthalmic nerve. (E) AM251-treated embryo with increased angle of the
ophthalmic nerve projecting to the eye. (F) Graph showing the area of the right ophthalmic and
maxillomandibular lobes with nerves for each treatment. (G) Data for the length of the right
ophthalmic and maxillomandibular lobes with nerves. (H) Perimeter of the right ophthalmic and
maxillomandibular lobes with nerves. (I) Circularity of ophthalmic and maxillomandibular lobes
with nerves.

*p <0.05. Scale bar 0.3 mm for C-E.

Abbreviations. Ctl, Control; MmL, Maxillomandibular lobe; OpL, Ophthalmic lobe; OpN,
Ophthalmic nerve; Ot, otic vesicle; TG, Trigeminal ganglion.
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Chapter 4:

Discussion
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The study of neurotransmitters has been well investigated in adults; however, their role as
humoral morphogens is often overlooked. In the future, I hope to continue my exploration of the
impacts of neurotransmitters in embryonic development. The use of genetic tools such as
knockdowns/ knockouts and constitutive activation of specific receptors paired with single-cell
RNA seq can relatively easily illuminate downstream effects as a result of increased or decreased

receptor activation (Qian et al. 2017).

It is possible that the findings of this study could inform therapies that target the 2 family
serotonin receptors. 4-phosphorloxy-N,N-dimethyltryptamine (psilocybin) is a naturally occurring
psychedelic compound being studied in conjunction with psychotherapy for treating several
psychiatric diseases. Psilocybin has a relatively low binding affinity and intrinsic activity at
serotonin receptors until dephosphorylated by alkaline diphosphatase into 4-hydroxy-N,N-
dimethyltryptamine (psilocin). Psilocin is the bioactive metabolite of psilocybin that causes in vivo
psychedelic activity in humans and animals (e.g., head twitch response) through agonist activities
at the 2 family 5-HT receptors, namely the 5-HT2B receptor (Collins et al. 1966). Treatments using
psilocybin have shown therapeutic promise (Griffiths et al. 2016) but are understudied as they

pertain to embryonic development.

Compounds targeting the endocannabinoid system have become a focus of both medicinal
and recreational applications. The compound delta-9-tetrahydrocannabinol (THC) is a partial
agonist at the cannabinoid 1 and 2 receptors. THC consumption has greatly increased as a result
of legalization and due to studies suggesting that THC has a wide possibility of medicinal

treatments, such as cancer-related pain (Johnson et al. 2010). Cannabidiol (CBD), a compound
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with observed anxiolytic and painkilling effects (Kwee et al. 2022; Donvito et al. 2018), acts as an
antagonist to cannabinoid receptors 1 and 2 (Pertwee 2008) and as an agonist to the serotonin 1A
receptor (Martinez-Aguirre et al. 2020). The findings of this study could provide some
foundational knowledge to inform of possible teratogenic effects of these treatments and call for

further investigation.
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